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Summary
Objectives: To determine the in vitro effects of oxygen tension on interleukin (IL)-1b induced nitric oxide (NO) and prostaglandin E2 (PGE2)
production by bovine chondrocytes.
Design: Enzymatically isolated bovine chondrocytes were cultured for different periods in suspension in 21 (atmospheric), 5 or 1% (low)
oxygen tension and in the absence or in the presence of increased amounts (0.01 to 1 nM) of IL-1b. Nitrite and nitrate concentrations in the
culture supernatants were determined by a spectrophotometric method based upon the Griess reaction. PGE2 production was quantiﬁed by
a speciﬁc radioimmunoassay (RIA). Cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) mRNA steady state levels were
also quantiﬁed by real-time polymerase chain reaction (PCR).
Results: In the absence of IL-1b, NO production remained stable whatever the oxygen tension used. IL-1b dose-dependently increased NO
production in both atmospheric and low oxygen conditions but the effect was more pronounced in low (1 and 5%) than in atmospheric (21%)
oxygen tension (P! 0.001). Under low and atmospheric oxygen tension, iNOS gene expression was increased by IL-1b, but to a lesser extent
in 21% than in 1 or 5% oxygen (P! 0.01). In the basal condition, bovine chondrocytes spontaneously produced PGE2 whatever the oxygen
tension used. At 21% oxygen, IL-1b dose-dependently increased PGE2 production while no signiﬁcant effect was observed at 1 or 5% oxygen.
COX-2 gene expression was signiﬁcantly upregulated by IL-1b in both low and atmospheric oxygen tension. No signiﬁcant difference between
oxygen tension conditions was observed.
Conclusions: This study demonstrates that a hypoxic environment fully blocks COX-2 activity but favours iNOS gene expression in
chondrocytes culture. These ﬁndings indicate that O2 tension modulates cellular behaviour in culture and supports the concept of chondrocyte
culture in low oxygen tension to reproduce in vitro the life conditions of chondrocytes.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Key words: Chondrocytes, Prostaglandin E2, Nitric oxide, Osteoarthritis, Hypoxia.Introduction
In vivo, chondrocytes live in an avascular environment with
low oxygen (O2) supply as a consequence. Oxygen is
mainly provided by diffusion from the synovial ﬂuid which
has a low oxygen tension (w50 mmHg, w7% pO2)
compared to that of the arterial blood supply (O90 mmHg,
O12% pO2)
1. Articular cartilage is normally hypoxic
compared with vascularized tissue. Oxygen tension was
between 7 and 10% in the superﬁcial zone but was below
1% in the calciﬁed zone of cartilage2. Chondrocytes display
a metabolism adapted to hypoxic conditions. Mechanisms
responsible for adaptation of chondrocytes to hypoxia are
so far poorly understood. Studies using cell culture systems
have shown that there was an increase in glucose
consumption and an elevation in the rate of lactate
synthesis by chondrocytes when O2 concentration de-
creased3,4. This indicates that chondrocytes mostly use the
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minimum supply from oxidative phosphorylation. However,
in contrast to other cell types, chondrocytes only respond to
hypoxia by a small increase in glycolysis, pyruvate kinase
and phosphofructokinase activities4,5. In spite of that,
chondrocytes are quite capable of maintaining the energy
charge of the cell in terms of ATP/ADP ratio, indicating that
these cells are well adapted to O2 deprivation and can
conserve enough energy levels to support vital processes4.
In contrast to cells normally living in blood O2 tension,
chondrocytes respond to hypoxia by a decrease in cell
glutathione level with a concomitant increase in cysteine
content4.
In alginate bead, chondrocyte phenotype recovery after
serial passage in monolayer is promoted by low oxygen
tension (5% O2) as suggested by a higher increase of Sox9,
type II collagen and aggrecan expression at 5% than at
21% O2
6,7. Further, hypoxia increases type II collagen
synthesis by primary chondrocytes in alginate bead6. In
monolayer culture, the effect of O2 tension remains con-
troversial. Indeed, hypoxic (5 or 1% O2) conditions have
been described to inhibit8 or stimulate9 bovine chondrocyte
proliferation and matrix components accumulation10e13.4
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responses to cytokines, hormones or drugs is issued from
cell or tissue culture models carried in atmospheric O2
tension. As it was demonstrated that some signalling
pathways are O2 sensitive
14, we hypothesized that envi-
ronmental O2 concentration might modify chondrocyte
responses to these factors. Interleukin (IL)-1b is considered
as one of the most potent cytokine in cartilage degradation.
In vitro, IL-1b induces the expression of inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) by
chondrocytes, and consequently an increase of nitric oxide
(NO) and prostaglandin E2 (PGE2) production15,16. In
arthritis, NO is involved in cartilage matrix degradation
by stimulating metalloproteases synthesis and activity17,18,
by inhibiting matrix components production19,20, and by
inducing, in the presence of superoxide anions, cell
apoptosis21. When PGE2 is released at high levels at the
inﬂammatory site, this mediator contributes to inﬂammatory
pain and oedema formation. Increased production of PGE2
has been reported in synovial ﬂuid of patients with joint
diseases22,16.
The goal of this study was to determine the effects of O2
tension on IL-1b induced NO and PGE2 production by
bovine chondrocytes in primary culture.
Materials and methods
CHONDROCYTES CULTURE IN HYPOXIA
AND ATMOSPHERIC CONDITIONS
Full-depth articular cartilage was excised from the
metacarpalephalangeal joint of 1 to 2 years old steers
shortly after death. All culture phases, including enzymatic
chondrocytes isolation, were performed in the O2 tension
corresponding to 1, 5 or 21% O2 tension. The cartilage
slices were subjected to sequential enzymatic digestions
with hyaluronidase, pronase and collagenase as previously
described23. The enzymatically isolated cells were then
ﬁltered through a nylon mesh (70 mm), washed three times,
counted and adjusted to 1! 106 cells/ml of culture medium
(DMEM: Cambrex, Verviers, Belgium) supplemented with
10 mM Hepes, 100 U/ml penicillin, 0.1 mg/ml streptomycin
and 2% ultroserG (Invitrogen, Merelbeke, Belgium). Cell
viability was estimated by trypan blue exclusion test and in
all cases was greater than 95%. After a washout period of
48 h, cells were counted and suspended in DMEM without
red phenol supplemented with 10 mM Hepes, penicillin
(100 U/ml), streptomycin (0.1 mg/ml) and 1% ITSC (ICN,
Doornveld, Belgium). ITSC is a culture supplement con-
taining in 1 ml: 0.625 mg of insulin, 0.625 mg of transferrin,
0.625 mg of selenious acid, 125 mg of bovine serum
albumin (BSA) and 0.535 mg of linoleic acid. Cells were
seeded in a 12-well plate at 1! 106 cells/well in 1 ml of
medium and cultured in adequate O2 tension with agitation
(100 rpm) in the absence or in the presence of increasing
amounts of porcine IL-1b (0.01 to 1 nM) (R&D Systems,
Abingdon, UK).
HYPOXIC CULTURE CONDITIONS
A sealed chamber (Bioblock, Tournai, Belgium) was used
to culture chondrocytes at low O2 tension. Gas mixture of
1 or 5% O2, 5% CO2 and 94 or 90% N2 was made to ﬂow
into the sealed chamber and ambient air evacuated by an
outlet tube. An oxymeter (Oxycom 100D, Dra¨ger, Germany)
continuously controlled atmospheric O2 tension. Culture
medium was bubbled for 30 min with 1 or 5% O2 gasmixture until desired O2 tension is achieved. This O2 liquid
tension was controlled with a Dissolved Oxygen Electrode
(World Precision Instruments, Aston, UK).
LDH RELEASE ASSAY
Cell viability was determined by quantifying lactate
dehydrogenase (LDH) in the culture supernatant. Hundred
microlitres of the supernatant or dilutions of a standard
solution of rabbit muscle LDH was mixed with 50 ml of Tris
buffer (10 mM TriseHCl pH 8.5 containing 0.1% BSA and
800 mM lactate). Hundred microlitres of colorimetric
reagent, 1.6 mg/ml iodonitrotetrazolium chloride (Sigmae
Aldrich, Bornem, Belgium), 4 mg/ml nicotinamide adenine
dinucleotide (Roche Diagnostics, Brussels, Belgium)
and 0.4 mg/ml phenazine methosulfate (SigmaeAldrich,
Bornem, Belgium) were added and incubated for 10 min at
room temperature. The absorbance was measured at
492 nm.
DNA ASSAY
Chondrocytes DNA content was directly correlated to the
cell number of each culture. DNA content was measured in
the cell pellet extracts using a ﬂuorimetric method of
Labarca and Paigen24. This measurement ensures elimi-
nation of result variations due to the different number of
chondrocytes.
NITRITE ASSAY
NO production was determined by quantifying its derived
product, nitrite, in conditioned medium using a spectropho-
tometric method based upon the Griess reaction25. Brieﬂy,
100 ml of conditioned culture medium or sodium nitrite
(NaNO2) standard dilutions was mixed with 100 ml of Griess
reagent (0.5% sulphanilamide, 0.05% naphthyl ethylenedi-
amine dihydrochloride, 2.5% H3PO4) and incubated for
5 min at 37(C. Before adding the Griess reagent, nitrate
was converted to nitrite by adding nitrate reductase (0.2
U/ml, Roche Diagnostic, Brussels, Belgium) to the culture
supernatants. The absorption was measured at 540 nm.
The limit of detection was 2 mM of nitrite.
PGE2 RADIOIMMUNOASSAY
PGE2 level was determined in conditioned culture
medium according to a previously described radioimmuno-
assay (RIA)26 using a polyclonal antiserum obtained from
rabbit. It does not cross react with other prostanoids (TxB2,
6-keto-PGF1a, PGA2) or fatty acids (arachidonic, linoleic,
oleic). The 3H-labelled PGE2 was purchased from New
England Nuclear (Brussels, Belgium) and the standard
molecule PGE2 from SigmaeAldrich (Bornem, Belgium).
PGE2 was measured in triplicate in a 100-ml aliquot of each
sample. After 48 h of incubation at 4(C, free antigen was
separated from antibodieseantigen complex by charcoal
precipitation and centrifugation (20 min at 1000 g, 4(C).
The supernatant was counted by liquid scintillation. Intra-
and interassay coefﬁcients of variation were 6 and 10%,
respectively. The recovery of known amounts of PGE2 for
the culture medium was satisfactory (90 to 97% for the
PGE2 ranging from 2500 to 312 pg/ml). The limit of
detection of the RIA was 20 pg/ml.
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RNA from 3! 106 cells was isolated by SV total RNA
isolation system (Promega, Leiden, The Netherlands). RNA
(0.5 mg) was reverse transcribed as previously described27.
Polymerase chain reaction (PCR) was performed by using
the LightCycler-FastStart DNA Master Sybr Green I (Roche
Diagnostics, Brussels, Belgium) as previously described27.
The PCR template source was either 3 ng ﬁrst-strand cDNA
or puriﬁed DNA standard. Primer sequences used to amplify
the desired cDNA were as follows: bovine GAPDH forward
and reverse primers: 5#-TCTTCCAGGAGCGAGAT-3# and
5#-ACAGACACGTTGGGAG-3#; bovine iNOS forward
and reverse primers: 5#-CCAGTATTACGGCTCCT-3# and
5#-CCGGCATAGCGGATGA-3#; bovine COX-2 forward
and reverse primers: 5#-GATTGACAGTCCACCAAC-3#
and 5#-CTGTGGGAGGATACATCT-3#.
Ampliﬁcation was performed with a spectroﬂuorometric
thermal cycler (LightCycler, Roche Diagnostics, Brussels,
Belgium). After an initial denaturation step at 95(C for
10 min, ampliﬁcation was performed using 40 cycles of
denaturation (95(C for 15 s), annealing (temperature
gradient: 68 to 58(C with an decrement of 0.5(C/cycle
during 20 cycles, continued by 20 cycles at 58(C for 5 s)
and extension (72(C for 15 s). To standardize mRNA
levels, we ampliﬁed GAPDH, a housekeeping gene, as an
internal control. Gene expression was normalized by
calculating the ratio between the number of cDNA copies
of iNOS, COX-2 and that of GAPDH.
CALCULATION AND STATISTICAL ANALYSIS
Results were expressed as the meanG S.E.M. Statistical
signiﬁcance was assessed using the ANOVA test, and
signiﬁcant differences were conﬁrmed only when the
probability was %0.05%.
Results
INFLUENCE OF O2 TENSION ON DNA CONTENT
AND CELL VIABILITY
The DNA content (5 mg/well) remained stable over the
culture duration and was not modiﬁed by O2 tension or the
presence of IL-1b. In the absence or in the presence of IL-
1b, cell viability, determined by trypan blue test, was greater
than 95% whatever the O2 tension. The cell death score
evaluated by the cumulated amount of LDH released from
the cells during 48 h was below 5% whatever the O2 tension
(data not shown).
INFLUENCE OF O2 TENSION ON NO PRODUCTION
AND iNOS GENE EXPRESSION
In the absence of IL-1b, NO production was similar in
atmospheric and hypoxic conditions. After 48 h, NO2
/NO3

level accumulated in the culture supernatant was
6.15G 1.83 nmol/mg DNA, 4.00G 0.81 nmol/mg DNA and
5.57G 0.93 nmol/mg DNA at 1, 5 and 21% O2, respectively.
At 5 and 21% O2 tension, IL-1b dose-dependently in-
creased NO production by bovine chondrocytes [Fig. 1(A)]
(Pearson’s correlation at 5% O2: rpZ 0.37, P! 0.0001,
yZ 1.39! 1010xC 8.68; Pearson’s correlation at 21% O2:
rpZ 0.74, P! 0.0001, yZ 7.9! 10
9xC 5.30). However,
at concentrations between 0.2 and 1 nM, the stimulating
effect of IL-1b was signiﬁcantly more marked at 5% than at21% O2 (P! 0.001) [Fig. 1(A)]. This stimulating effect was
also time-dependent [Fig. 1(B)] (P! 0.01). After 24 h, the
stimulating effect of 1 nM IL-1b on NO production was
similar at 5 and 21% O2, but was signiﬁcantly more marked
at 5% than at 21% O2 after 48 and 72 h [Fig. 1(B)]. Further,
the stimulating effect of IL-1b was O2 dependent. In the
presence of 1 nM IL-1b, NO2
/NO3
 concentration was
30.00G 2.83 nmol/mg DNA, 19.91G 1.84 nmol/mg DNA
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Fig. 1. Effect of IL-1b on NO production by bovine chondrocytes
cultured at low or in atmospheric O2 tension. A: Dose-dependentNO production. Chondrocytes were incubated during 48 h with
increasing amount of IL-1b (0 to 1 nM). B: Kinetics of NO
production. Chondrocytes were cultured for 6, 24, 48 and 72 h in
the absence (basal condition) or in the presence of 1 nM IL-1b. C:NO production at different O2 tensions. Chondrocytes were
cultured for 48 h under 21, 5 or 1% O2 tension in the absence
(basal condition) or in the presence of 1 nM IL-1b. Each condition
was tested in triplicate. Results are the meanG S.E.M. of three
experiments performed with cartilage specimens of different
animals. Comparison of mean values was performed by ANOVA
analysis. O2 groups of 1 and 5% are signiﬁcantly different from 21%
O2 group: **P! 0.01, ***P! 0.001. One percent O2 group is
signiﬁcantly different from 5% O2 group:
BBBP! 0.001.
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respectively [Fig. 1(C)].
Real-time RT PCR was performed to quantify the effect of
O2 tension on iNOS gene expression (Fig. 2). Under basal
conditions, iNOS mRNA was expressed at low levels
independently of O2 tension. When IL-1b (1 nM) was added
to the culture medium, iNOS mRNA level increased
whatever the O2 tension, but to a larger extent at 5% than
at 21% O2. Similar observation was done with 1% O2 (data
not shown).
INFLUENCE OF O2 TENSION ON PGE2 PRODUCTION
The O2 tension did not signiﬁcantly modulate the
constitutive production of PGE2 by bovine chondrocytes.
After 48 h of culture, bovine chondrocytes produced
24.79G 8.40 pg/mg DNA, 25.06G 6.85 pg/mg DNA and
32.95G 7.46 pg/mg DNA of PGE2 at 1, 5 and 21% O2,
respectively. At 21% O2, IL-1b dose-dependently increased
PGE2 production (rZ 0.85, P! 0.0001, yZ 12.37!
1010xC 35.5) [Fig. 3(A)] while it had no signiﬁcant effect
in hypoxic conditions [Fig. 3(A, C)]. This ﬁnding indicates
that IL-1b induced PGE2 production is O2 dependent. At
21% O2, the stimulating effect of IL-1b was time-dependent
and became signiﬁcant only after 24 h [Fig. 3(B)]. The effect
of O2 tension on COX-2 gene expression is shown in Fig. 4.
In the absence of IL-1b, COX-2 gene expression was very
low in all experimental conditions. IL-1b induced a marked
increase of COX-2 mRNA level in both 5 and 21% O2
(P! 0.001). No signiﬁcant difference between 5 and 21%
O2 was observed. Similar effect was recorded at 1% O2
(data not shown).
Discussion
This study compared the behaviour of bovine chondro-
cytes in 1, 5 and 21% O2 tension. Five percent O2 tension is
the most currently used O2 tension in studies investigating
the inﬂuence of hypoxia on chondrocytes metabolism8,9,11.
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Fig. 2. Effect of O2 tension on iNOS gene expression by bovine
chondrocytes. Cells were cultured for 3 or 6 h under 21 or 5% O2
tension in the absence (basal condition) or in the presence of 1 nM
IL-1b. Total RNA was isolated and mRNA of iNOS was quantiﬁed
by real-time RT PCR. The mRNA copy numbers were normalized
against the corresponding copy number of GAPDH mRNA.
Comparison of mean values was performed by ANOVA test. Five
percent O2 group is signiﬁcantly different from 21% O2 group:
*P! 0.05, **P! 0.01.This value corresponds to the mean O2 tension found
in vivo in human cartilage.
Because O2 is required for the production of NO and
PGE2, we have investigated the inﬂuence of O2 tension on
the production of these mediators by controls or IL-1b-
treated bovine chondrocytes. In the control condition, NO
and PGE2 production were similar in hypoxic and atmo-
spheric conditions, suggesting that in our hypoxic condition
chondrocytes had enough O2 to support baseline pro-
duction of these mediators. Our results are in agreement
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Fig. 3. Effect of IL-1b on PGE2 production by bovine chondrocytes
cultured at low or in atmospheric O2 tension. A: Dose-dependent
PGE2 production. Chondrocytes were cultured during 48 h with
increasing amount of IL-1b (0 to 1 nM). B: Kinetics of PGE2
production. Chondrocytes were cultured for 6, 24 and 48 h in the
absence (basal condition) or in the presence of 1 nM IL-1b. C:
PGE2 production at different O2 tensions. Chondrocytes were
cultured for 48 h at 21, 5 or 1% O2 tension in the absence of IL-1b
(basal condition) or in the presence of 1 nM IL-1b. Each condition
was tested in triplicate. Results are the meanG S.E.M. of three
experiments performed with cartilage specimens of different
animals. Comparison of mean values was performed by ANOVA
analysis. O2 groups of 1 and 5% are signiﬁcantly different from 21%
O2 group: ***P! 0.001.
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condition, porcine cartilage explants produced similar
amounts of NO and PGE2 at 5 and 21% O2 tension. At
21% O2, IL-1b signiﬁcantly stimulated PGE2 production
whereas in hypoxia it had no effect on this parameter. In
contrast, IL-1b increased NO production in both atmo-
spheric and hypoxic conditions but the effect was more
pronounced in hypoxic than in atmospheric condition. This
effect may not be attributable to cell number variation,
because DNA content in culture was not affected by O2
tension.
These ﬁndings clearly indicate that O2 tension signiﬁ-
cantly affect IL-1b-induced pro-inﬂammatory mediators
production in articular cartilage. This observation is impor-
tant since it was reported that hypoxia plays a key role in the
persistence of inﬂammatory synovitis29. In rheumatoid
arthritis, synovial ﬂuid pO2 correlates with the histologic
severity of the disease, indicating that the more severe the
disease, the lower the pO2 and vice versa
30,31. Since we
have demonstrated that in hypoxic condition corresponding
to the in vivo situation, chondrocytes do not produce PGE2
in response to IL-1b, we hypothesize that PGE2 produced
by chondrocytes do not play an important role in synovitis
pathogenesis. On the other hand, hypoxic condition favoursNO production, a mediator that contributes with other
reactive nitrogen species to the inﬂammatory related tissue
degradation32,33. The overproduction of NO could be
a way by which hypoxia may favour the development of
the inﬂammatory reaction.
The mechanism by which hypoxia inﬂuences NO and
PGE2 is not fully understood. Upregulation of NO pro-
duction in hypoxia is accompanied by an increase of iNOS
gene expression. A recent study showed that compared to
21% O2, hypoxia (5% O2) increased IL-1b-induced mitogen
activated protein kinase (MAPK) expression in human
cartilage34. IL-1-induced MAPK pathway is involved in
iNOS gene activation, thus providing a mechanism by
which NO levels may differ in hypoxic vs atmospheric
condition. Herein, we show that COX-2 gene expression is
increased by IL-1b in both hypoxic and atmospheric
conditions whereas PGE2 is not induced under hypoxic
condition. This observation suggests that the regulatory
effect of O2 on PGE2 production occurs at a post-
transcriptional level. A dissociation between COX-2 mRNA
upregulation and markedly decreased PGE2 levels under
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Fig. 4. Effect of O2 tension on COX-2 gene expression by bovine
chondrocytes. Cells were cultured for 3 or 6 h under 21 or 5% O2
tension in the absence (basal condition) or in the presence of 1 nM
IL-1b. Total RNA was isolated and mRNA of COX-2 was quantiﬁed
by real-time RT PCR. The mRNA copy numbers were normalized
against the corresponding copy number of GAPDH mRNA.hypoxia were previously reported for cultured corneal
epithelial cells35. Altogether, these ﬁndings indicate that
O2 is a limiting factor of the cyclooxygenase activity
36.
Therefore, we can speculate that in hypoxia, chondrocytes
lack of O2 to support IL-1b-induced COX-2 activity. Another
explanation could be that NO exerts a negative feedback
on PGE2 synthesis. In previous works, we have clearly
demonstrated that inhibition of NO synthesis with the
competitive inhibitor NG-monomethyl-L-arginine (L-NMMA)
led to the enhancement of PGE2 production by chondro-
cytes23,37 while exposure of chondrocytes to peroxynitrite,
a reactive oxygen species derived from NO, led to the
inhibition of COX-2 gene expression27. Herein, we have
clearly shown that hypoxia increased IL-1b-induced NO
production by chondrocytes, and then we can hypothesize
that NO overproduction down-regulates PGE2 synthesis.
Nevertheless, this hypothesis needs to be veriﬁed. This
result is in disagreement with a previous study demonstrat-
ing that iNO activity in porcine cartilage explants is
decreased in hypoxic condition28. In contrast, hypoxia
activates NOS in aortic endothelial cells38. Difference may
arise from the variable experimental conditions. We can
hypothesize that cell responses to O2 variation may be
dependent on the cell type and species. Indeed, Cernanec
et al. have tested hypoxia on porcine culture explant in
serum, whereas we have used bovine chondrocytes in
suspension in medium supplemented with a serum sub-
stitute (ITSC).
Our results demonstrate that IL-1b induced NO pro-
duction is increased in low O2 tension and that COX-2
activity is fully blocked. These ﬁndings suggest that the
responses of chondrocytes to IL-1b, and probably other
cytokines, is O2 dependent and they underline the key role
played by hypoxia in the pathogenesis of inﬂammatory joint
diseases. These results also support the use of in vitro
models that mimic more closely the physiologic environ-
ment of chondrocytes in the joint to study the pathophys-
iological mechanisms involved in cartilage degradation.
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